Protein myristoylation is a key protein modification carried out by N-Myristoyltransferase (NMT) after Methionine aminopeptidase 2 (MetAP2) removes methionine from the amino-terminus of the target protein. Protein myristoylation by NMT augments several signaling pathways involved in a myriad of cellular processes, including developmental pathways and pathways that when dysregulated lead to cancer or immune dysfunction. The emerging evidence pointing to NMT-mediated myristoylation as a major cellular regulator underscores the importance of understanding the framework of this type of signaling event. Various studies have investigated the role that myristoylation plays in signaling dysfunction by examining differential gene or protein expression between normal and diseased states, such as cancers or following HIV-1 infection, however no study exists that addresses the role of microRNAs (miRNAs) in the regulation of myristoylation. By performing a large scale bioinformatics and functional analysis of the miRNAs that target key genes involved in myristoylation (NMT1, NMT2, MetAP2), we have narrowed down a list of promising candidates for further analysis. Our condensed panel of miRNAs identifies 35 miRNAs linked to cancer, 21 miRNAs linked to developmental and immune signaling pathways, and 14 miRNAs linked to infectious disease (primarily HIV). The miRNAs panel that was analyzed revealed several NMT-targeting mRNAs (messenger RNA) that are implicated in diseases associated with NMT signaling alteration, providing a link between the realms of miRNA and myristoylation signaling. These findings verify miRNA as an additional facet of myristoylation signaling that must be considered to gain a full perspective. This study provides the groundwork for future studies concerning NMT-transcript-binding miRNAs, and will potentially lead to the development of new diagnostic/prognostic biomarkers and therapeutic targets for several important diseases.
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Introduction
The onset of carcinogenesis is initiated by mutations to begin with in a normal cell that results in the loss of growth control (hyperplasia). Hyperplasia proceeds with the loss of senescence control, replicative immortality, apoptosis resistance and the ability to evade the immune system, which are the hallmark features of cancer and are intrinsic properties in nature [1] . Later on extrinsic factors get involved where the abnormal cancerous cell begins the process of angiogenesis (acquiring blood supply) in order to thrive, evade the surrounding tissue and colonize at distal sites (metastases) through the epithelial to mesenchyme transition. The culprit for driving such traits in the journey of a normal cell to cancer is primarily dysregulation of the signaling in the abnormal microenvironment in which these cancerous cells exists, which plays an important role in escaping the immune cells responsible for policing them. A healthy microenvironment (extracellular matrix) has the ability to suppress the cancerous growth.
In order to create effective and personalized strategies for cancer treatment, it is imperative to understand the many dimensions of signaling dysregulation that characterize different types of cancer and compromised immune cells. Of the signaling molecules implicated in either immune dysfunction or cancer, N-myristoyltransferase (NMT), the enzyme responsible for the covalent attachment of a 14C myristic fatty acid to the N-terminus of target proteins, has been shown to be implicated in both the development of cancer and impaired immune cell function [2] [3] [4] [5] [6] . Myristoylation is preceded by the removal of the N-terminal methionine of the target protein by Methionine Aminopeptidase 2 (MetAP2) (and aids in protein trafficking directed to cellular membrane systems (Fig 1) [6] . Prokaryotes lack NMT, whereas lower eukaryotes like protozoans and fungus have a single copy of NMT, and mammals and other vertebrates, NMT has been shown to be present in two major isoforms, NMT1 and NMT2, which catalyze the same reaction, and are coded respectively by different genes [7, 8] . The biological role of NMT serves as a promising candidate to study with regards to cancer progression and immune function as its dysregulation has been shown to contribute to defective embryo and monocyte development, cell growth, T-cell signaling, and HIV infection. Little is known about the regulation of its expression, signaling, and localization [4, 5, [8] [9] [10] .
The methionine residue of a nascent polypeptide is removed co-translationally by MetAP2, which is followed by addition of a myristoyl group to the exposed N-terminal glycine residue by NMT.
We are increasingly aware of the multitude of complex and intertwined signaling events occurring within a cell under various stimuli and stresses, and the many forms of regulation that govern and balance them. These events include functions prone to driving cancer, such as cell proliferation, mitosis and migration, and the respective checks in place to limit growth. At the heart of cell signaling and regulation is the myriad of genes that make up the genome, and their respective protein end products that serve to exert specific cellular functions. However, the human genome, once estimated to contain over 100, 000 protein coding genes, has been re-evaluated over the years to be comprised of merely~20, 000 distinct genes, which in turn code for an estimated 293, 000 non-redundant peptides [11, 12] . This revelation has led researchers to seek and shed light on the various forms of genomic regulation that influence gene expression, fine-tune spatio-temporal aspects of cell signaling, and account for the massive repertoire of distinct peptides. To date, several regulatory systems have been identified and well established, including transcriptional regulation through various pleiotropic transcription-factor family proteins, and epigenetic methylation of DNA, as well as post-translational mechanisms of gene regulation, such as increased proteome diversity through mRNA splicing mediated by the spliceosome, and gene downregulation via mRNA silencing by various RNA products [13] [14] [15] [16] . Of the various agents responsible for RNA silencing, there has The microprocessor complex reduces the pri-mRNA to an~85 nucleotide long pre-miRNA containing a hairpin loop [21, 22] . Pre-miRNA is transported into the cytoplasm, recruited to the spliceosome, and subsequently cleaved by the DICER enzyme to yield a mature miRNA duplex [23] . One of the strands of the cytoplasmic miRNA, known as guide is used to target miRNA onto a protein named Argonaute to form the RNA-induced silencing complex (RISC). RISC is a multi-protein complex that is guided by the sequence of miRNA transcript to a target (through complementary base pairs) and the protein Argonaute cleaves mRNA (messenger RNA) [24] . Thus, miRNA is capable of causing degradation of the target mRNA if perfect nucleotide complementation is achieved, otherwise translational repression of the target mRNA occurs in the case of imperfect complementarity [25] . miRNA have been shown to have a certain degree of genomic organization, adding an additional layer of complexity to miRNA systems that can be manipulated to drive evolution and specialization [26] . Some miRNAs have been shown to form polycistronic clusters that in some cases co-express several miRNAs that target different mRNAs responsible for proteins within the same protein complex [27, 28] . These findings demonstrate the ability of miRNA to influence protein-protein interactions.
The repertoire of miRNA that can be expressed by a cell constitutes an essential layer of post-transcriptional gene control for many cellular processes. miRNAs are relatively young on the evolutionary timescale, being expressed only in animals, plants, and some viruses [29] [30] [31] . Around 30% of the Homo sapiens protein-coding genes are regulated by miRNAs, which control the genes at the post-transcriptional level [32] . There are two modes by which miRNAs regulates the expression of genes; first, miRNA-mediated transcript degradation and second, inhibition of protein translation [25, 33] . For target degradation model, miRNA binds predominantly to the target sequence found within the 3' untranslated region (UTR) of the target mRNA with perfect complementarity, leading the mRNA to be cleaved [34, 35] . Similarly to inhibit the translation of target genes, miRNA binds with imperfect complementarity with the target. However, recent studies suggest that even with the imperfect complementarity between miRNA and target mRNA sequences, miRNAs are capable of carrying out target recognition and subsequent translational inhibition and/or transcriptional decay [36] . In addition to its functions in post-transcriptional gene regulation, miRNAs are also known for regulating protein complexes and acting as a key-determining molecule in protein-protein interaction [27, 28] .
The role of miRNA has been suggested to be more of a fine-tuning mechanism of gene regulation, rather than as a master regulator; however, increasing evidence has shown that miRNAs are heavily dysregulated in many diseases, including cancer [37] [38] [39] [40] . There are several studies linking microRNA as a driving factor in the progression of some cancers, such as the promotion of colorectal cancer proliferation and invasion by miR-320b [41] . In some cases miRNA can act as a tumor suppressor, such as miR-29c, which is correlated with breast cancer survival and downregulates B7-H3 protein which is associated with metastasis and poor prognosis in breast cancer patients [42] . Beyond the potential of miRNAs to play a positive or negative role in disease, they may serve to act as novel biomarkers [43] . Increasing evidence is revealing that specific circulating miRNAs may be used as non-invasive biomarkers for neoplastic diseases, such as breast cancer (miR-29c, 199a, 424) [44], colorectal cancer (miR-24, 320a, 423-5p) [45] , and liver cancer (miR-200 family) as well as its regression (miR-199a-3p) [46, 47] . In cancer biology, miRNAs may be playing a critical role by modulating key signaling pathways, as they have been shown to affect the sensitivity of a cell to signal transduction by signaling molecules such as epidermal growth factor, Notch, TGF-β, and WNT [48, 49] .
We suspect that the role of critical signaling modulation by miRNAs can be extended to their interactions with NMT translation and influence over protein-protein interaction related to NMT signaling. Dysregulation of NMT1 activity is implicated in cancer and stem cell differentiation [8, 50] . The plasticity of transition from normal to cancerous cells as well as stem cell differentiation and proliferation to T lymphocytes depend on the miRNA target gene regulation [4, 51] . In this study we predicted the miRNAs that target NMT1/NMT2/MetAP2 transcripts, and the possibility of these interactions to inhibit NMT1/2 expression, and their function in relation to cancer, stem cell, T-cell/B-cell signaling and infectious diseases, using the bioinformatics techniques TargetScan 7 and DIANA.
Materials and methods

Sequence selection for computational analysis
For NMT1 and NMT2 reference sequences were retrieved from the GenBank. NMT1 and NMT2 reference numbers were NM_021079.4 and NM_004808, respectively. For MetAP2, the reference sequence used was NM_001317182.1.
Prediction of miRNA targets
The putative miRNA targets were predicted using two annotation programs as described previously [52] . Prediction of miRNAs was done in the subtractive library. The sequences were submitted for in silico annotation of ncRNAs. During the annotation process, we searched for the RNA structures by using Infernal (INFERence of RNA ALignment) software as described in other study [53] . The BLAST program was used to search similar miRNA sequences in the National Center for Biotechnology Information (NCBI) database as described elsewhere [54] . Finally, miRNAs with the best p-value ( 0.05) were selected for further analysis and their details are presented in tabulated form (S1 Table) .
Identification and functional annotation of miRNAs regulating NMT and MetAP2 genes using TargetScan and DIANA Tools mirPath
Sequences for human NMT1/2 and MetAP2 genes (18 and 11 transcripts respectively) were downloaded from the ENSEMBL genome browser (NMT: ENSG00000136448, MetAP2: ENSG00000111142). Sequences of human mature miRNAs (2,588) were downloaded from miRBase version 21 (http://mirdb.org) [55] . Normalized mRNA and miRNA expression values were downloaded from Gene Expression Omnibus (GEO) repository (accession ID: GSE62 030). miRNAs targeting NMT1/2 and MetAP2 genes were predicted by TargetScan7 (v7.0; targetscan.org) [56] . To validate the predicted miRNA: target interactions, Pearson correlation coefficient (PCC) was calculated using the normalized expression values of miRNA and target genes. All the miRNA:target interactions having significantly high inverse/negative PCC (r < -0.5, p 0.05) were considered as true miRNA:target interactions. The p-value of PCC was calculated by Student's t-test using "R" software. Biological pathways influenced by miRNAs targeting NMT and METAP2 genes were identified using DIANA Tools mirPath version 3 (v3.0) (http://www.microrna.gr/miRPathv3) [57] .
Functional enrichment analysis of miRNA targets
To determine or predict the function(s) of miRNAs which targets these genes, pathway enrichment analysis was performed using DIANA Tools mirPath (v3.0) as described previously [57] . This tool provides information on experimentally-supported miRNA functional annotation using Gene Ontology (GO) or GOSlim terms [58] , combined with statistically-enriched pathways, mainly Kyoto Encyclopedia of Genes and Genomes (KEGG) molecular pathways, and based on target genes which query miRNAs targets [57] .
Literature search for miRNAs associated with cancer and signaling pathways
The chosen set of miRNAs from bioinformatics analyses were thoroughly researched in the literature for their association, functions and expression changes in cancer and signaling pathways. PubMed, PubMed Central and Google Scholar search engines were utilized to perform the literature survey. MiRNAs that showed at least one publication record were considered for further analysis in the study.
MiRNA clustering analysis
MiRNA expression values were extracted from "GSE62037" GEO dataset [59] . The miRNAs that were predicted to target NMT1/2 transcripts were filtered out and their expression values were specifically extracted from the above dataset. In order to recognize the normalized expression patterns of these miRNAs, an unsupervised hierarchical cluster analysis were carried out using Cluster v3.0 as described elsewhere [60] . TreeView software was used to generate and visualize the heatmaps. Green color shows positive PCC values (0.5 r 1) and red color shows inverse/negative PCC values (-0.5 r -1). Thereafter, it was determined whether the miRNA data fit into known post-transcriptional 'RNA regulon (operon) model' which describes how RNA molecules are organized at a higher-organization level and how their functional dynamics are connected to post-transcriptional regulatory events such as stability and translation [61, 62] .
Results
Identification of miRNAs targeting NMT and METAP2 genes
Mature miRNAs targeting 18 transcripts and 11 transcripts of NMT1/2 and MetAP2 respectively, were identified using TargetScan7 [63] . Using the stringent cutoff, a total of 13,798 miRNA-target interactions were predicted by TargetScan for the NMT1/2 genes. In contrast, 7,708 interactions were predicted for the MetAP2 gene.
In order to filter out false positive miRNA: target interactions, Pearson correlation coefficient (PCC) was calculated between targeting miRNA and target gene expression. In general, miRNAs down-regulates the expression of a target gene. Based on previous reports, the threshold PCC for determining the true positive miRNA: target interaction was set at 0.5 [64, 65] . Thus, a true interaction will be indicated by significantly high inverse PCC (r -0.5, p -1). Out of 13,798 putative miRNAs: target interactions predicted for the NMT1/2 genes, only 221 miRNAs: target interactions showed r -0.5 (S1 Table) . The top five miRNAs targeting the NMT1/2 genes with the highest inverse PCC were miR-421, miR-4317, miR-606, miR-140-5p and miR-941. Interestingly, these miRNAs were also found to be regulating multiple NMT1/2 transcripts (S1 Table) . Similarly, for the METAP2 gene, out of 7,708 interactions predicted, 165 miRNAs: target interactions showed PCC values above our cutoff threshold (r -0.5) (S2 Table) . Based on the PCC values the top five miRNAs targeting the MetAP2 gene turned out to be miR-330-3p, miR-421, miR-409-3p, miR-139-3p, and miR-1246 (S2 Table) .
Next, to determine whether same miRNA targets NMT1/2 and MetAP2 genes, we compared the targeting miRNAs lists (S1 and S2 Tables). The results revealed that 7 miRNAs are common which targets NMT1/2 and MetAP2 genes while 20 miRNAs were found to be exclusively targeting either NMT1/2 or MetAP2 genes (Table 1; Fig 2) . From the list of commonly targeting miRNAs, miR-421 has the highest inverse co-expression with the target genes and appeared in the top five miRNAs. Making this miRNA a top candidate for further evaluation.
Functional enrichment analysis of miRNA targets
To identify the biological pathways under regulation of the miRNAs identified in the previous section, functional enrichment was done using DIANA Tools mirPath version 3 [57] . The statistically significant KEGG pathways enriched from the analyses are summarized in Table 2 . The analysis revealed 88 pathways that belong under the KEGG pathways. It was found that the most significantly enriched pathway regulated by miRNAs that target both NMT1/2 genes and the MetAP2 gene was proteoglycans in cancer. Interestingly, one pathway regulated by the selected miRNAs is the ErbB signaling pathway. This pathway plays an important role in regulating cancer [66] . Furthermore, Wnt, mTOR, and VEGF signaling pathways were found to be regulated by miRNAs that target NMT gene. Additionally, we also predicted KEGG pathways that are associated with the miRNAs that exclusively targets NMT1/2 or MetAP2 genes. From these pathways, the most significant ones were filtered for further exploration in terms of their relevance in cancer.
The DIANA Tools mirPath analysis predicted that most significantly enriched KEGG pathway regulated by miRNAs targeting both NMT and MetAP2 genes was 'ErbB signaling pathway' (p = 3.60E-29) which involved 48 genes and 17 miRNAs ( Table 2 ; Fig 3) . ErbB receptor molecules regulate cell proliferation, differentiation, cell motility, and cell survival. Therefore, ErbB receptor mutations or overexpression have been associated with cancer cell migration, development, invasion and progression of cancers such as non-small cell lung cancer [67] , breast cancer [68] , ovarian cancer and bladder cancer [69] . This is mainly due to the role of this pathway in phosphorylation of many important kinases involved in cancer pathology.
When analyzing pathways associated with colorectal ( Fig 4A) and prostate cancers (Fig 4B) , we observed that miRNAs targeting both NMT1/2 and MetAP2 genes also regulate the expression of key genes involved in these pathways, including AKT1, GSK3B, BRAF, MAPK and many others (Fig 4) . Apart from cancer pathways, miRNAs were also shown to regulate genes in immune cells. Therefore, we further analyzed KEGG pathways that are associated with immune responses. For this, we performed pathway enrichment analysis using miRNAs that target only NMT transcripts. Interestingly, T cell receptor signaling pathway (p = 6.87E-09) involving 43 genes and 18 miRNAs ( Table 2 ; Fig 5A) ; and B cell receptor signaling pathway (p = 9.73E-15) involving 36 genes and 17 miRNAs were predicted by the analysis (Table 2 ; Fig 5B) . A total of 11 and 8 miRNAs that target NMT1 and NMT2, respectively were identified to be associated with T cell and B cell receptor pathways (Table 3) . Among these miRNAs, miR-654 displayed an interesting relationship with NMT1/2 and MetAP2 genes where miR-654-5p targeted NMT1/2 while miR-654-3p targeted MetAP2. Similarly, miRNA-199b-5p was found to be targeting NMT1/2 while miRNA-199b-3p targeted MetAP2. This 5p and 3p pattern was not limited to these two miRNAs. Same pattern was observed with miR-628, and miRNA-139. These observations suggest that the miRNA species deriving from the 5' arm (5p) and 3' arm (3p) of the same pre- Hippo signaling pathway, estrogen signaling pathway and glioma. On the other hand, a similar analysis for miRNAs that target MetAP2 gene revealed regulation of fatty acid biosynthesis, signaling pathways regulating pluripotency of stem cells, ErbB signaling pathway and prion diseases as the top KEGG pathways involved. Interestingly, all these KEGG pathways are related to the genes/proteins that regulate cellular growth, survival, migration, proliferation and development, which are basically essential cellular processes involved in cancer progression [62] . Taken together, the predicted data strongly support the association of miRNAs targeting NMT1/2 and MetAP2 genes to signaling pathways implicated in cancer and immune response.
Further analysis of signaling networks
Cancer signaling. We mined data to identify the roles of 221 miRNAs that regulate NMT in cancer. We found that 35 (15.8%) miRNAs were found to have a clear role in cancer. Of these filtered out 35 miRNAs, 15 miRNAs (42.8%) target NMT1 transcript, while 20 miRNAs Table 4 . Furthermore, out of 35 miRNAs 14 (40%) miRNAs were found to be associated with prostate cancer whereas 4 (11.4%) miRNAs showed association with colorectal, breast and liver cancers. Additionally, 3/35 (8.5%) miRNAs were found to have roles in esophageal, renal and squamous cell carcinomas.
Stem cell, T cell and B cell receptor signaling. A thorough search of the identified 221 miRNAs revealed a defined role for 21 (9.5%) miRNAs in TCR, BCR and stem cell signaling. Of the 21 miRNAs, 13 and 8 miRNAs contained complementarity with NMT1 and NMT2 transcripts' 3'UTR, respectively. The differential regulation of miRNAs that are associated with signaling pathways are summarized in Table 3 and may provide insights on how differential expression of miRNAs may impact NMT levels.
Infectious diseases
We found 14 miRNAs that were associated with functions in infectious diseases, 8 of which target NMT1/2 genes and 6 miRNAs target HIV infection. The NMT1/2 targeting miR-137 and MetAP2 targeting miR-199a-3p were found to be upregulated in HIV infection, while another miRNA-324-5p, which targets NMT1/2 genes, also modulates HIV infection by targeting viral infectivity factor gene.
Hepatitis virus infection. Four miRNAs were found to be associated with hepatitis viral infections namely miR-29a-5p, miR-548p, miR-199a-3p and miR-520d-5p. Of these four miRNAs, three miRNAs (miR-29a-5p, miR-199a-3p, miR-520d-5p) targeted MetAP2 whereas, the fourth miR-548p targeted NMT1/2 genes.
Human Papilloma Virus (HPV) infection. The two miRNAs (miR-324-5p and miR-139-3p) that were found to be associated with HPV infection also targeted NMT1/2 and MetAP2 genes. Human Papillomavirus subtype-16 E5 protein downregulates miR-324-5p and contrary to this miR-139-3p is downregulated in HPV-16-induced carcinomas.
Fungal infection. The NMT1/2 and MetAP2 genes' targeting miR-132-5p was found to be associated with fungal infection of human dendritic cells with Candida albicans and Aspergillus fumigatus and regulates immune responses through the interactions with FKBP1B, KLF4, and SPN genes. Furthermore, miR-140, miR-628-3p and miR-943 miRNAs that target NMT1/2 and MetAP2 genes were found to have roles in infectious diseases. Of which miR-943 is upregulated in Herpes Zoster viral infection and miR-628-3p serves as a biomarker for the enterovirus 71 infection. The variable expression of miRNAs associated with infectious diseases is summarized in Table 5 with their corresponding references.
Targeting miRNAs of NMT follows RNA Regulon model
The miRNAs targeting NMT1/2 genes were clustered together based on their expression, which is supported by a previous report proposing that miRNAs performing similar functions usually co-express with each other [61] . This phenomenon of miRNA regulon was previously observed between miRNAs regulated by same RNA Binding Proteins [144] . We deemed it worth to identify whether NMT1/2 and MetAP2 gene expression followed a pattern indicative of a miRNA regulon. To find an active regulon model, PCC between miRNAs were calculated based on the expression values and miRNAs were clustered based on the correlation value. It was observed that miR-4306 share highest co-expression with miR-1244 followed by miR-3179 (Fig 6) . This regulon model suggests that some common biological pathway is regulated by these miRNAs apart from targeting of NMT1/2 genes. Our data supports this notion as many of the miRNAs detected in this study were found to be involved in targeting genes involved in same pathways. Most of these miRNAs co-express with each other indicating miRNA regulon model is similar to the RNA regulon model, which needs further evaluation.
Discussion
Understanding miRNA-mRNA interactions that play role in tumor development, cancer progression and associated cellular processes such as immune responses is a critical step necessary to use miRNAs as therapeutic or diagnostic targets for cancer and other diseases. miRNAs are emerging as a crucial component in the regulation of cellular signaling pathways, including several processes involved in diseases such as cancer and immune dysfunction. Investigating miRNA function and expression patterns is necessary for fully understanding how miRNAs fit to interact with more well studied mechanisms of cell regulation, giving us a bigger and clearer picture of the signaling framework of cells under various conditions. Specifically, studying miRNA interactions with the NMT1/2 and MetAP2 genes will shed light on the poorly understood regulation of myristoylation, a key cellular function critical to oncogenesis, adaptive immune function, and infectious disease onset. Our findings have verified that miRNAs are likely an important driving force in the regulation of myristoylation, and identified several NMT-transcript-binding miRNAs that have been linked to processes mediated by myristoylation. The present study predicted (1) miRNAs that significantly bind to the NMT1 and NMT2 transcripts, (2) miRNAs in which NMT1/2 and MetAP2 transcripts are common binding targets, (3) a possible role for the involvement of NMT1/2 transcript-binding miRNAs in Cancer, T/B cell receptor signaling and infectious diseases. By using TargetScan software, we initially found a total of 13,798 miRNA-target hits for the NMT1/2 genes, whereas the MetAP2 gene had 7,708 interactions detected. Statistical analysis using "R" software package further delineated significant binding of these miRNAs onto their target; based on this, 221 NMT miR-NA-NMT-target interactions, and 165 miRNA-METAP2-target interactions were verified. A thorough literature review was performed to find if these miRNAs have any role in Cancer, T/B cell receptor signaling, and infectious diseases. Of the 35 miRNAs, 15 (42.8%) target the NMT1 transcript and 20 (57%) target the NMT2 transcripts. Interestingly, 14 miRNAs (40%) have a defined role in prostate cancer, and 4 (11.4%) miRNAs each that play a role in colorectal, breast and liver cancers. Furthermore 3 (8.5%) miRNAs are involved in esophageal cancer, and one miRNA each that has been detected to play a role in renal cell carcinoma, brain cancer, and role in squamous cell carcinomas. Secondly, with regards to T/B cell receptor signaling, 21 (9.5%) NMT1/2 targeting miRNAs were detected. Of the 21 miRNAs, 13 had NMT1 as their target site and 8 had NMT2 as their target site. Lastly, 2 of each of the miRNAs targeting NMT1/2 were involved in infectious diseases, including HIV.
Numerous recent reports clearly point to a role of miRNA in cancer establishment, evasion, differentiation, and metastasis, which when targeted, have shown the promising results as therapeutic targets in preclinical as well as in clinical trials [145, 146] . Our findings indicate that several miRNAs that target myristoylation related genes (NMT1/2 and MetAP2) are associated with cancer. Interestingly, of these identified miRNAs, some have been found to be associated with colorectal or breast cancers wherein role of NMT has already been established [2, 50] . Furthermore, miR-409-3p and miR-106b-3p, and miR-127 that all bind to the NMT1 transcript, have been reportedly involved in colorectal cancer and breast cancer respectively. miR-409-3p was previously found to be a colorectal tumor suppressor, with reduced expression of miR-409p present in colorectal cancer tissue and correlated with metastasis [94] . In contrast, miR-106b-3p upregulation was correlated with colorectal tumor growth [147] . Wang et al demonstrated that miR-127 is downregulated in breast cancer tissues, and reduced miR-127 expression is correlated with late stage lymph node metastasis. Furthermore, miR-127 downregulation was an independent prognostic factor that predicted lower overall survival in breast cancer patients and upregulation of miR-127 inhibited breast cancer cells growth, survival, and migration [148] . We also identified NMT2-targeting miRNAs that have been previously demonstrated to play a role in regulating or advancing colorectal and breast cancers. Our analysis identified miR-133a and miR-301a as NMT2-binding miRNAs that act to suppress and promote colorectal cancer respectively. Wan et al established through gene analysis that miR-133a expression was reduced in 83.2% of colorectal cancer patient tumors compared to healthy mucosal tissue, and Dong et al demonstrated that ectopic overexpression of miR-133a suppresses colorectal tumor growth in-vitro and in-vivo [112, 149] . A study into the colorectal cancer promoting mechanism of miR-301a, which is upregulated in colorectal cancers, revealed that miR-301a expression confers growth and invasion by downregulating SOCS6 expression [150] . Our investigation of NMT2 transcript-binding miRNAs revealed miR-411-5p and miR-187, which respectively function as a tumor suppressor and an oncogenic agent of breast cancer. miR-411-5p was observed to suppress breast cancer by downregulating GRB2 and Ras expression [114] . Finally, a report by Mulrane et al identified miR-187 expression as an independent factor that drives the in vitro development of increased aggressiveness and invasiveness of breast cancer [113] .
There are several lines of evidence that demonstrate the critical role miRNAs play in stem cell, T-cell, and B-cell signaling [151] [152] [153] [154] . This is of relevance to this study as besides cancer, studies on myristoylation signaling have focused on NMT's role with respect to embryogenesis, innate immune cell differentiation, and adaptive immune development and signaling, and HIV infection [4, 5, 8, 10] . During our analysis we identified several NMT1/2-binding-miRNAs involved in the previously mentioned functions and have chosen to discuss a selection of the most relevant and best-annotated examples. With regards to certain developmental pathways, miR-200, 199b and 26a have been shown to play a decisive role, with the former binding to the NMT1 transcript, and latter two binding to the NMT2 transcript. miR-200 family microRNAs were found to be expressed exclusively in epithelial type tissues and when downregulated could stimulate an epithelial-mesenchymal transition, which may implicate their reduced activity with cancer metastasis [155] . miR-199b has been shown to block stem cell differentiation through inhibition of the Notch pathway [81] . miR-26a was identified as a required factor for the differentiation of skeletal muscle during mouse development, with inhibition of miR-26a resulting in delayed muscle regeneration [156] .
In terms of immune function, the NMT2-transcript binding miR-628 was found to be upregulated following TLR mediated LPS detection in monocytes, and targeted MyD88 as part of a negative feedback loop for TLR signaling [157] . Two NMT1-transcript-binding miRNAs, miR-29b and 326, have evident roles in T-cell signaling. miR-29b overexpression in CD8+ T cells of renal carcinoma patients has been found to induce immune dysfunction through down-regulation of JAK3 and MCL-1 [158] . Furthermore, heightened expression of miR-326, which is associated with multiple sclerosis (MS), was shown to drive TH-17 T helper cell differentiation and MS pathogenesis in mouse models [78] . Two mRNA hits during our analysis were functionally implicated in the regulation of B-cell signaling, specifically with regards to the autoimmune disease lupus. The B-cells of lupus patients were determined to have increased expression of miR-148, an NMT1-transcript-binding miRNA, and decreased expression of miR-1246, an NMT2-transcript-binding miRNA. miR-148a is thought to affect B cell signaling by impairing immune tolerance pathways through suppression of PTEN, thus contributing to autoimmune symptoms [159] . In contrast, expression of miR-1246 normally regulated B cell activation through suppression of EBF1, however miR-1246 expression is reduced in the activated B cells of lupus patients through Akt-p53 signaling [160] . Lastly, miR-132 (NMT1-transcript-binding miRNA) and miR-29 (NMT2-transcript-binding miRNA) are involved in HIV infection, with the former promoting infection and the latter acting as an antiviral agent. miR-132 is highly upregulated during CD4+ T cell activation and are thought to enhance HIV-1 replication [161] ; miR-29 family miRNAs are expressed by increased STAT3 transcription following IL-21 stimulation and lead to an anti-viral environment in CD4+ T cells during initial control of HIV-1 in vivo [162] .
The overlap between the effects of NMT-transcript-binding miRNAs and previously reported NMT dysfunction are encouraging for the future development of therapeutics or diagnostic/prognostic biomarkers that exploit myristoylation-mediated cell signaling. The high stability of miRNAs have made them a promising biomarkers as they can be easily obtained from the buffy coat associated immune cells of blood samples [163, 164] . Additionally, methods of in vivo miRNA modulation are being developed for future clinical settings [165] .
A recent report by Chen et al. documented dynamic interaction of miR-99 and miR-100 and the ability of miR-100 to downregulate NMT1 transcript levels [166] . Several other recent studies demonstrated that miR-99 modulates many molecular signaling pathways that are not limited to AKT, mTOR, MMP1 and IGFR1 signaling and contribute to the tumorigenesis of cancer conditions such as head and neck squamous cell carcinoma [167] , oral squamous cell carcinoma [168, 169] and esophageal squamous cell carcinoma [169] . Interestingly, one functional study indeed proved that miR-99a inhibits cell proliferation, colony formation ability, migration and invasion by targeting fibroblast growth factor receptor 3 (FGFR3) in prostate cancer [170] and bladder cancer [171] . A study by Androulidaki et al. demonstrated that AKT1 controls macrophage responses to the LPS by regulation miRNA [172] . All these studies provide supporting evidence that miR-99 is a critical player in cancer pathogenesis, which is possibly derived from post-transcriptional regulation of NMT. Study by Schramedei et al. demonstrated that MetAP2 is a putative target of miR-21 in B-cell lymphomas [173] .
In addition to prediction of the nature of miRNA-mRNA relationships, our study also revealed another layer of complexity and interconnectedness of miRNAs, long noncoding RNAs (lncRNA) and target mRNAs. The NMT1 targeting miR-675-5p, which is down regulated in metastatic prostate cancer, derives from the lncRNA H19 [91] . In prostate cancer cells, H19 is upregulated that aids in expression of miR-675. The expression of lncRNA H19 and miR-675 were associated with repression of extracellular matrix protein, TGFβ1, that regulate cellular migration and cancer metastasis. It appears that the H19-miR-675 lncRNA-miRNA interactions function in different cancer cell types by targeting different mRNAs. For instance, in gastric cancer, H19-miR-675 regulates cell proliferation by repressing RUNX1 [174] .
One of the bottlenecks in HIV infection is the neurodegeneration, which occurs through modulation of host axon guidance and associated neurotrophin signaling pathways. Zhou et al., comprehensively profiled miRNAs in patients with dementia who were infected with HIV. In this study, they uncovered three important miRNAs that were dysregulated particularly in HIV infected dementia patients compared to only dementia patients. The miR-137 that targets NMT1/2 and MetAP2 genes was on top of the list. Further enrichment of the miRNA pathways revealed that miR-137 is involved in more than 5 neurodegeneration pathways that included WNT and MAPK pathways, which happens to be dysregulated in cancers as well [125] . Since miR-137 targets NMT1/2 genes and particularly in dentate gyrus and hippocampus, it would be interesting to further investigate the dynamics of miR-137 and NMT in dementia patients with HIV. Hepatocellular carcinoma is a dreaded cancer of the liver whose etiology is linked to chronic liver inflammation most commonly due to infection with hepatitis B and hepatitis C viruses. Our analysis revealed four NMT1/2 and MetAP2 targeting miRNAs (miR-29a-5p, miR-548p, miR-199a-3p and miR-520d-5p) that have roles in hepatitis viral infections. miR-29a-5p is demonstrated to be upregulated in Hepatitis B Virus infection related to hepatocellular carcinoma and may function through inhibition of PTEN (131) . Mounting evidences in the literature suggest that miR-199 plays dominant and multi-faceted role not only in cancer but also in infectious diseases including HBV, HCV and Schistosoma mansoni. It not only inhibits the HBV viral replication but also regresses the hepatocellular carcinoma [47, 133] . Moreover, miR-199a-3p can also be used as early biomarker in HCV infection [138] . As revealed in our analysis, since miR-199a-3p also inhibits the MetAP2 gene, which plays key role in angiogenesis, further studies are warranted to underpin the role of miR-199a-3p in oncogenesis. Apart from these miRNAs, we also found that miR-520d-5p is associated with immune clearance by transitioning the immune tolerant to immune activation state in chronic hepatitis B and miR-548p suppresses hepatitis B virus associated HCC by downregulating expression of hepatitis B x-interacting protein [128, 175] .
Our in-depth analyses of miRNAs that regulate NMT1/2 and MetAP2 genes have cemented the significance of miRNAs in disease etiology and progression. The emergence of miRNAs' abilities in regulating various important facets of cellular functions dictates the significance of miRNAs in designing new therapies around cell signaling molecules.
Several miRNAs in this study were predicted to interact with mRNA transcripts responsible for translating the key proteins involved in myristoylation (NMT1/NMT2/METAP2). This preliminary in-silico analysis requires future validation within in-vitro cell models to demonstrate expression of the identified miRNAs and their interaction with the target transcripts.
Initial validation should include quantitative PCR (qPCR) to confirm co-expression of each miRNA and their respective transcript target using miRNA and transcript specific primers. Since, in-silico study may reveal a large number of potential miRNA binding sites on a target mRNA, it is important that a reporter assay should be performed to validate specific binding sites.
The interaction between a miRNA of interest and its target(s) needs to be demonstrated, which can be done using in-situ hybridization with locked nucleic acid (LNA) modified oligonucleotide probes labelled with digoxigenin that can be visualized appropriately using digoxigenin antibody conjugated to alkaline phosphatase to act upon a chromogenic substrate. A major challenge to these initial approaches includes a potential tissue specific expression of the analyzed miRNAs, emphasizing the need to test a spectrum of tissue types and cell lines. Tissue specific expression of NMT1, NMT2 and MetAP2 is well documented and therefore, initial studies would require validation of miRNAs in cell lines and tissues that express the target genes.
Furthermore, miRNAs of interest may be overexpressed (gain-in-function) in cell lines through a lentiviral infection or plasmid transfection to determine their effect on NMT1/ NMT2/METAP2 mRNA transcript levels using qPCR and the resulting protein expression by Western blot analysis. Narrowed down miRNAs from the aforementioned validation techniques will be used for further studies in order to determine their effect(s) on cell signaling pathways that are involved in regulating cell proliferation, apoptosis, T/B cell signaling and viral infection.
Conclusion
Our original data set encompassed over 13, 000 miRNAs that potentially target and regulate NMT. Together, the functional data available for NMT1/2-transcript-targeting miRNAs helped create a condensed data set of miRNAs that serve as strong candidates for further investigation into the regulation of myristoylation with respect to various types of signaling dysregulation. In total, 35 NMT-transcript-binding miRNAs were linked to cancer, 21 linked to development or immune dysfunction, and 14 linked to infectious disease, including HIV and HBV infection. Future analysis of this miRNA panel is needed to verify a direct link between these miRNAs and myristoylation dysfunction associated diseases. This study provides a platform for studying an additional facet of NMT regulation, and may lead to the development of new therapeutic targets or biomarkers for several types of cancer, development or immune dysfunction, HIV and hepatitis viral infections. 
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